We consider a scenario in which additional vectorlike TeV-scale fermions belonging to higher weak-isospin multiplets provide new seesaw mediators. If these fermions have nonzero hypercharge, their tree-level exchange produces novel seesaw mechanism different from type I and III seesaw. In order to produce Majorana masses for light neutrinos, new Dirac seesaw mediators are constrained by the SM gauge symmetry to belong to a weak triplet and a five-plet. The latter, in conjunction with two isospin 3/2 scalar multiplets, leads to new seesaw formula mν ∼ v 6 /M 5 . It reproduces the empirical masses mν ∼ 10 −1 eV by M ≤ TeV new states, testable at the LHC.
Landmarks
The start-up of the Large Hadron Collider (LHC) opens for exploration the upcoming landscape of physics. Our hope is that a strangeness standing up in the landscape of the Standard Model (SM) gives us ability to address the physics beyond the Standard Model (BSM). Three such landmarks are:
• Lightness of neutrinos, • Heaviness of the top quark, • Lightness of the SM Higgs doublet.
The last landmark with special prominence, known as the hierarchy problem, reflects an inexplicable quantum stability of the weak scale v with respect to the UV cutoff. In order to tame the quadratically divergent contributions to the Higgs mass, various BSM approaches have been introduced, like little Higgs, supersymmetry, technicolor and extra dimensions.
The extensions of the SM aimed at explaining lightness of neutrinos came as if on cue for the GUT programme 1 . By integrating out the GUT-scale degrees of freedom one arrives at the tree level at neutrino masses through an effective dimension-five operator 2 LLΦΦ. The heavy fermion singlet and triplet mediators result in the 2 dimension-five operator through type I and type III seesaw mechanisms 3,4 . They produce small neutrino mass m ν ∼ v 2 /M at the cost of introducing a new hierarchy problem of the seesaw scale M ∼ 10
14 GeV with respect to v. By admitting some of the GUT-scale degrees of freedom to be as low as the TeV scale as in a recent reincarnation of SU (5) GUT model 5 , one arrives at a low scale hybrid type I and III seesaw model. Multiple seesaw approach introduced by Ma 6 and extended 7 later, brings the seesaw mechanism to the TeV scale 8 accessible at the Large Hadron Collider (LHC). Recent lowering 9 of the seesaw scale by dim = 7 operator and with a focus on the triple charged scalars has led to m ν ∼ v 4 /M 3 . This study has followed an earlier observation of the efficiency of higher scalar multiplets in suppressing neutrino masses 10 .
Here we describe our recent work 11 which aims at a lowering the seesaw scale in a "bottom-up" approach, by extending the SM particle content by higher then SM weak isospin multiplets. An important assumption in our approach is that new fermionic degrees of freedom beyond the three SM generations are realized as vectorlike Dirac states. We examined recently 12 similar states in the quark sector represented by the vectorlike top partner which has dispayed the mass matrix corresponding to a Dirac seesaw mechanism. In the following we will describe how this model explains the large mass of the top quark 13 , and compare it with analogous Dirac seesaw mechanism appearing in the particular extension 14 of the supersymmetric SM. After that we present our novel seesaw mechanism 11 for generating Majorana masses of light neutrinos by Dirac mediators, which is different from type I and III seesaw mechanisms where both light neutrinos and heavy messengers are represented by Majorana particles.
Dirac seesaw with terascale vectorlike top-partner
We elaborated recently 12 on the model with a vectorlike top-partner T proposed by Vysotsky 13 . Expressed in terms of the weak (primed) eigenstates, it reads in the form of the Lagrangian that in addition to the usual SM piece has the BSM part consisting of two Dirac mass terms and one Yukawa term:
Two new heavy SU (2) L singlet states, T ′ L and T ′ R , have the Dirac mass term M . The T ′ − t ′ mixing is given by two terms in the square brackets: the µ R term describing the mixing of two SU (2) L singlets, T ′ L and t ′ R , and the µ L term describing mixing of the SM weak isodoublet with the isosinglet state T ′ . Obviously, by switching off these µ L,R terms, the t ′ field would become the ordinary t quark, the mass eigenstate of the SM.
The presence of the T ′ − t ′ mixing has several effects examined before 12,13 . Here we stress that, in order to find the states with definite masses the following matrix should be diagonalized:
From here we can explain the heaviness of top 13 . By switching of the mass of t quark in SM, i.e. by putting m t = 0, top quark massless in SM gets all its mass ∼ µ L µ R /M from the mixing with heavy T .
Dirac seesaw for neutrinos in model by E. Ma
The seesaw mechanism resembling the one based on eq.
(2) appears in neutrino sector in the particular extension of the supersymmetric SM proposed by Ma 14 . He added a new U (1) X gauge symmetry and new supermultiplets at the TeV scale to solve both the µ problem and the absence of the neutrino masses in the MSSM. Additional isospin singlet fermions mix with light neutrinos and span the following mass matrix in the basis (ν,
where N and N C are independent fields. In this model the lepton number is conserved and the light neutrinos are Dirac fermions with mass given by m 1 m 2 /M . Here the mass m 1 comes from the weak scale v, m 2 comes from U (1) X symmetry breaking, and M is an invariant mass. Because both the light neutrinos and the heavy neutral states are Dirac fermions, this mechanism is called a Dirac seesaw.
After the examples above, we can explore the possibility of a viable seesaw model with light Majorana neutrinos by employing heavy Dirac neutral states.
Model for light Majorana neutrinos with TeV-scale Dirac mediators
In order to have Dirac seesaw mediators we have to departure from hypercharge zero multiplets used in type I and III seesaw mechanism. This can be achieved by invoking vectorlike fermionic multiplets which, although not restricted to the electroweak scale, could be light enough to avoid the hierarchy problem. In order to have a tree level seesaw, the newly introduced fermion multiplets have to contain a neutral component which mixes with light neutrinos. Additional scalar multiplets have to be introduced in order to have Yukawa terms necessary for fermionic tree level seesaw. This leads to restricted quantum number assignments for new fermionic multiplets: the vectorlike triplet 9 and the vectorlike five-plet 11 corresponding to effective dim = 7 and dim = 9 operators, which are additional to those presented in a previous study 15 .
Fermion -Yukawa Sector
Our model 11 obeys the SM gauge group
The fermions additional to those of the SM belong to vectorlike Dirac five-plet Σ of leptons, so that both their left 5, 2) . The vectorlike Σ can form a gauge invariant Dirac mass term
The scalar multiplets needed for gauge invariant Yukawa terms, 
Here m 1 and m 2 result from the first and second term of eq. (5), respectively, and M Σ is given by eq. (4). Consequently, m 1 and m 2 are on the scale of the vev v Φ1 and vev v Φ2 of the neutral components of the scalar quadruplets, but M Σ is on the new physics scale Λ N P larger then the electroweak scale. After diagonalizing the mass matrix in eq. (6), the light neutrino acquires a Majorana mass
Starting with heavy Dirac lepton states, their mixing with both l L and (l L ) C results in light massive Majorana neutrino. Therefore, the lepton number is violated in our model. The difference between the type I and III seesaw and our seesaw model can be understood by looking at the lepton number violation (LNV). Despite a freedom in assigning lepton numbers to new multiplets, our vectorlike non-zero hypercharge seesaw messengers do not allow a lepton number assignment that would bring the LNV to the mass term as is the case in type I and III seesaw.
Scalar Sector
Turning to the scalar potential, we restrict ourselves to the following renormalizable terms relevant for our mechanism:
For the vevs of the doublet and two 4-plets we assume the values:
Inserting these vevs into the vacuum value 0|V (H, Φ 1 , Φ 2 )|0 = V 0 , we obtain
where the numerical factors 
The electroweak symmetry breaking proceeds in the usual way from the vev v of the Higgs doublet, implying µ 2 H < 0 and
Despite the positiveness of µ 
By merging eq. (5), eq. (7) and eq. (15) we obtain the light neutrino mass
The vevs of our scalar multiplets change the ρ parameter to ρ(
By matching ρ(Φ 1 ) and ρ(Φ 2 ) to the experimental value 16 ρ = 1.0000
−0.0007 , we get the upper bounds v Φ1 ≤ 1.9 GeV and v Φ2 ≤ 2.4 GeV.
Testability
We can estimate the high energy scale of our model from eq. (16) by assuming the same value for the mass parameters, µ Φ1 ≃ µ Φ2 ≃ M Σ ≃ Λ N P . By taking values v = 174 GeV and m ν ∼ 0.1 eV we obtain Λ N P ≃ 580 GeV for
−2 . We also have two types of loop contributions, one steaming from closing (H † H) legs in the tree-level diagram, and the other generated by λ 3 term in eq. (8) . With characteristic loop suppression factor, the first loop contribution is smaller then the tree level one if 17 Λ N P < 4πv ≃ 2 TeV, and the second if Λ N P < √ 4πv ≃ 620 GeV. Obviously, the later numerical value has to be taken conditionally, and has a meaning of a bound of a few 100 GeV, meaning that all new states in our model should lie below ∼ TeV. Such states are expected to be abundantly produced at hadronic colliders through W , Z and γ Drell-Yan fusion processes.
The associated production of the pairs (Σ +++ , Σ ++ ), (Σ ++ , Σ + ), (Σ + , Σ 0 ), (Σ 0 , Σ − ) via a charged current is a crucial test of the five-plet nature of new leptons. Direct pair production of neutral states (Σ 0 , Σ 0 ) via a neutral current, which is not possible for type I and III mediators, is possible for our states with non-zero weak charges.
Vectorlike fermions of the type considered here are characterized by small mass splitting within a multiplet 18 . The hierarchy within the Σ multiplet can be read out from 18
where ∆M is the mass splitting between Q = 1 and Q = 0 components in the case of zero hypercharge:
We find that Σ − is the lightest component of the 5-plet, being 210 MeV lighter then Σ 0 . Additional small mass splitting 19 within the 5-plet comes from the mixing of the 5-plet components with the SM leptons, but this is of the order of m 1 m 2 /M Σ ∼ 0.1 eV which is totally negligible.
Let is a number of processes 11 which should point to the existence of the 5-plet states under consideration, if they explain the neutrino masses at the tree level. It is gratifying that the parameter space corresponding to the novel treelevel model will be tested at the LHC, so that this model is falsifiable. A very non-discovery of the fermionic 5-plet states would leave us with a possibility of their role in neutrino mass generation at the loop-level.
